ABSTRACT: We have measured the energetics of ATP and ADP binding to single-headed actomyosin V and VI from the temperature dependence of the rate and equilibrium binding constants. Nucleotide binding to actomyosin V and VI can be modeled as two-step binding mechanisms involving the formation of collision complexes followed by isomerization to states with high nucleotide affinity. Formation of the actomyosin VI-ATP collision complex is much weaker and slower than for actomyosin V. A three-step binding mechanism where actomyosin VI isomerizes between two conformations, one competent to bind ATP and one not, followed by rapid ATP binding best accounts for the data. ADP binds to actomyosin V more tightly than actomyosin VI. At 25°C, the strong ADP-binding equilibria are comparable for actomyosin V and VI, and the different overall ADP affinities arise from differences in the ADP collision complex affinity. The actomyosin-ADP isomerization leading to strong ADP binding is entropy driven at >15°C and occurs with a large, positive change in heat capacity (∆C P°) for both actomyosin V and VI. Sucrose slows ADP binding and dissociation from actomyosin V and VI but not the overall equilibrium constants for strong ADP binding, indicating that solvent viscosity dampens ADP-dependent kinetic transitions, presumably a tail swing that occurs with ADP binding and release. We favor a mechanism where strong ADP binding increases the dynamics and flexibility of the actomyosin complex. The heat capacity (∆C P°) and entropy (∆S°) changes are greater for actomyosin VI than actomyosin V, suggesting different extents of ADP-induced structural rearrangement.
Myosins are molecular motors that utilize the energy from adenosine 5′-triphosphate (ATP) 1 binding, hydrolysis, and product release to perform mechanical work along actin filament tracks for diverse physiological processes including muscle contraction, cell division, vesicle and RNA transport, and chemotaxis (1, 2) . Force generation and motility (work output) are coupled to chemical catalysis. ATP binding and hydrolysis cycle myosin vectorially through a series of energetic (conformational) states that bind actin filaments strongly (attached) or weakly (detached) depending on the chemical state of the bound nucleotide. In the absence of nucleotide or with bound adenosine 5′-diphosphate (ADP), myosin binds actin filaments strongly (strong binding states). With ATP and the hydrolysis products, ADP and phosphate (P i ), bound myosin binds actin weakly (weak binding states). The fraction of the catalytic cycle time spent strongly attached to actin is referred to as the duty ratio.
Although all characterized myosins share a common ATPase cycle pathway, detailed kinetic analyses indicate that modulation of the rate and equilibrium constants that define the ATPase cycle confer specific properties to the motor for specific physiological tasks (3) . Some myosins are tuned for anchoring cellular structures and maintaining tension, while others are better suited for transporting cargo or generating rapid sliding velocities. Muscle myosin is not processive. It tugs intermittently on actin filaments but is dissociated much of the time; therefore, multiple myosins are needed to sustain constant movement. Myosin V is processive, and an individual, two-headed motor molecule takes multiple steps and walks along an actin filament for long distances without detaching. Recent evidence suggests that myosin VI is a monomer (4) , but an engineered myosin VI dimer is processive (5-7), albeit less than myosin V (8) . Myosin V and VI undergoing processive motility coordinate their catalytic ATPase cycles (5, (9) (10) (11) (12) .
Each head of a processive double-headed myosin, where single heads are not independently processive, must have a have a high duty ratio so that at least one motor is attached to actin at all times or else random thermal forces would cause it to diffuse away from its track. High duty ratios are achieved by favoring rapid and essentially irreversible entry into the strong binding states and a slow flux from strongly bound to weakly bound states (13, 14) . The equilibrium constant for ATP hydrolysis must favor the hydrolysis products (14) . Rapid actin-activated P i release and slow, ratelimiting ADP release largely account for the high duty ratios of myosins V and VI in the presence of actin (5, (13) (14) (15) , but slow and weak ATP binding also contribute to the high duty ratio of myosin VI (5, 10) .
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regarding the thermodynamic basis of the high ADP affinities that help dictate the duty ratios is available. In this study, we have investigated the energetics of nucleotide binding to myosins V and VI from the physical linkage of the rate and equilibrium constants to temperature. Our results indicate that strong ADP binding to myosins V and VI occurs with a positive heat capacity change, consistent with significant nucleotide-dependent conformational rearrangement and population of multiple conformational states contributing to the stability of the actomyosin-ADP complex. In addition, the kinetic data favor a mechanism where a conformational change precedes ATP binding to actomyosin VI.
EXPERIMENTAL PROCEDURES
Reagents. All chemicals were the highest purity commercially available. ATP (99+% purity as assayed by HPLC, data not shown) was purchased from Roche Molecular Biochemicals (Indianapolis, IN), and ADP (Sigma A-5285, 99+% purity as assayed by HPLC, data not shown) was purchased from Sigma (St. Louis, MO). ATP and ADP concentrations were determined by absorbance at 259 nm using a 259 of 15 400 M -1 cm
. A molar equivalent of MgCl 2 was added to nucleotides immediately before use. Pyrenyl-iodoacetamide came from Molecular Probes (Eugene, OR). Fluorescence-grade (99+%, titration) imidazole and phalloidin were purchased from Sigma. Ultrapure sucrose was from American Bioanalytical.
Protein Expression and Purification. Single-headed chicken myosin V-1IQ with bound LC-1sa light chain (13, 14) and single-headed porcine myosin VI (T406A mutant) with bound calmodulin light chain (5, 10) were purified from Sf9 cells by Flag affinity chromatography (16) . Purity was >98% for all preparations, with actin being the only detectible contaminant.
Actin was purified from rabbit skeletal muscle (17) , labeled with pyrene (18) , and gel-filtered over Sephacryl S-300HR. Ca 2+ -actin monomers were converted to Mg 2+ -actin monomers with 0.2 mM EGTA and 50 µM MgCl 2 (excess over [actin] ) immediately prior to polymerization by dialysis into KMg50 buffer (3 × 500 mL). Phalloidin (1.1 M equiv) was used to stabilize actin filaments.
Stopped-Flow Measurements and Kinetic Modeling. All experiments were performed in KMg50 buffer (50 mM KCl, 2 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, and 10 mM imidazole at pH 7.0) with an Applied Photophysics (Surrey, U.K.) SX.18MV-R stopped-flow apparatus thermostated at the indicated temperatures ((0.1°C). The buffer pH was adjusted at the experimental temperatures. Pyrene (λ ex ) 366 nm) fluorescence were monitored through a 400 nm long pass colored glass filter. Long time courses of pyrene fluorescence change were corrected for photobleaching by subtracting the time courses of fluorescence acquired after mixing pyrene actin filaments with nucleotides. Essentially identical results were obtained when the time courses after mixing actomyosin and buffer were subtracted.
Most of the time courses shown are of individual, unaveraged, 1000-point transients collected with the instrument in oversampling mode. The intrinsic time constant for data acquisition is ∼30 µs. Time courses that display fast and slow phases were collected on a logarithmic time scale. Typically, multiple (3-8) time courses were averaged before analysis. Nonlinear least-squares fitting was done using Pro-K software provided with the instrument or with Kaleidagraph (Synergy Software, Reading, PA). Uncertainties are reported as standard errors in the fits unless stated otherwise. Concentrations stated are final after mixing.
Time courses of fluorescence enhancement were fitted to a sum of exponentials (eq 1)
where F(t) is the fluorescence at time t, F ∞ is the fluorescence intensity at infinity, A i is the amplitude, k i is the observed rate constant characterizing the ith relaxation process, and n is the total number of observed relaxations. The value of n was 1 (single exponential), 2 (double exponential), or 3 (triple exponential).
Time courses of fluorescence enhancement displaying a lag phase were fitted to a double-exponential function with comparable rate constants (19, 20) , where the faster exponential term has a positive amplitude (A i ) that generates the observed lag phase (19 . Actomyosin samples were prepared by mixing myosin with 1.1 M equiv of pyrene actin filaments and equilibrating at 25°C for at least 5 min. Apyrase (potato-grade VII, 0.1 unit mL -1 final) was added to ensure rigor (no nucleotide) conditions when indicated.
ATP binding was measured from the fluorescence of pyrene actin filaments (5, 10, 13) . ADP binding to pyrene actomyosin was measured by kinetic competition with ATP (10) .
Temperature Dependence of the Equilibrium Constants. The free-energy changes of the individual nucleotide-binding reactions were calculated using the Gibbs free-energy equation (eq 2), which relates the standard free-energy change (∆G°) to the association equilibrium constant (K) according to where R is the gas constant (1.98 cal mol
) and T is the absolute temperature in Kelvin. Expanding the standard free-energy change into its enthalpic (∆H°) and entropic (∆S°) components and rearranging yields permitting determination of the standard enthalpy change (∆H°) from the slope of the line generated by ln K versus 1/T (i.e., van't Hoff plot). The intercept is not an accurate estimate of the standard entropy change (∆S°) because it is
beyond the range of the data; therefore, it was calculated at a specific temperature from Nonlinear van't Hoff plots were fitted to an integrated form of eq 3 (22) to account for the temperature dependence of ∆H°that arises from a change in the standard molar heat capacity (∆C P°) , which was assumed to be constant and independent of the temperature over the range examined where subscript R refers to values at a selected reference temperature.
SolVent Manipulations. Solvent viscosities (η) and osmotic pressures (π) were adjusted with sucrose. The viscosities and osmotic pressures of the solutions were obtained from ref 23 and the Brock University osmotic stress website (http:// aqueous.labs.brocku.ca/osfile.html), respectively.
The dependence of the association equilibrium constants for nucleotide binding on water activity was interpreted by considering water as a ligand (24) . The number of water molecules involved in the formation of the ATP collision complex (K 1T ), ADP collision complex (K 1D ), and ADP isomerization equilibrium (K 2D ) were determined according to the following relationship where ∆n is the change in the number of bound water molecules obtained from the best fit line describing the relationship between the natural log of the association equilibrium constants and osmolal solute (sucrose) concentration.
Error Propagation. Uncertainties were propagated using the formula (eq 7)
where the experimental measurements x 1 , x 2 , ..., x n have uncertainties dx 1 , dx 2 , ..., dx n and a is a function of x 1 , x 2 , ..., x n .
RESULTS

A. Mechanism and Temperature Dependence of ATP
Binding to Actomyosin V. ATP binding to pyrene actomyosin V was monitored from the fluorescence enhancement of pyrene actin that arises from the population of the actin weak binding states (13, 15) . Time courses of fluorescence enhancement after mixing ATP with pyrene actomyosin V follow single exponentials with observed rate constants that depend hyperbolically on the ATP concentration (13, 15) at all temperatures (4-25°C) examined ( Figure 1B) . At higher temperatures, the maximum rates were too rapid to measure reliably (data not shown). The mechanism of ATP binding was modeled as a two-step process with formation of a low fluorescence collision complex [AM(ATP)] followed by isomerization (k +2T ) to a weak actin-binding state with high fluorescence (A*M‚ATP) that rapidly dissociates (k diss . k +2T + k -2T ) from actin (Scheme 1; A* denotes a high (unquenched) pyrene fluorescence).
∆S°)
∆H°-∆G°T (4) Table 1 as k -2D (ADP release).
Solving the differential equations that govern Scheme 1 yields two observed rate constants (λ 1 and λ 2 ) defined by (25) where Under conditions where k +1T [ATP] . k +2T + k +2T , the two observed rate constants (λ 1 > λ 2 , fast phase λ 1 and slow phase λ 2 ) simplify to and Under our experimental conditions, k -2T ∼ 0 (i.e., k diss > k +2T + k -2T ); therefore, eq 11 simplifies further to where K 1T ) k +1T /k -1T is the association equilibrium constant of the collision complex.
The observed time courses of fluorescence enhancement are given by where [AM] o is the initial strongly bound and quenched pyrene actomyosin concentration and c is defined by eq 9. The first term on the right-hand side of eq 13 is an exponential decay. The second term describes an exponential fluorescence signal rise because of its negative amplitude (A i in eq 1). When λ 1 in Scheme 2 is too fast to be resolved given the ∼1-2 ms dead time of the instrument (i.e., >1000 s -1 ), k +1T and k -1T cannot be measured directly and time courses will follow a single-exponential rise with the rate constant λ 2 . The experimentally observed λ 2 rate constant will display a hyperbolic [ATP] dependence, allowing the equilibrium constant for collision complex formation (K 1T ) k +1T /k -1T ) and the isomerization rate constant (k +2T ) to be determined using eq 12.
The equilibrium constant for formation of the actomyosin (38) 
) acquired under comparable conditions (13) .
B. Mechanism of ADP Binding to Actomyosin V at 25°C. ADP binding to pyrene actomyosin V was measured by kinetic competition with ATP (10) as described by the following parallel binding reaction mechanisms (Scheme 2, A* denotes unquenched pyrene fluorescence).
When a solution of ADP and ATP is rapidly mixed with pyrene actomyosin V, time courses are biphasic and can be well-fitted to double exponentials ( Figure 1A ) with fast ( Figure 1C ) and slow ( Figure 1D The observed rate constant of the fast phase (k fast ) reflects depletion of free actomyosin and depends on the sum of the observed rate constants for ATP and ADP binding, which can be expressed in terms of the rate and equilibrium constants for nucleotide binding when nucleotide binding is irreversible [k -2T and k -2D ∼ 0, essentially fulfilled in this case because dissociation is much slower than binding, see below (10)] where Figure 1C and Table 1 ). The second-order association rate constant for ADP binding at
, within a factor of 2 of the value obtained with mantADP (13, 25) , indicating that fluorescent modification of the nucleotide has minimal effects on binding to actomyosin V.
The observed slow phase of the reaction arises from AM‚ ADP formed during kinetic partitioning in the fast phase that (14) dissociates bound ADP then binds ATP to populate the high fluorescence, weak actin-binding states (10) . The ADP release rate constant (k -2D ) can be readily obtained from the best fit of the ADP concentration dependence of the slow phase (k slow versus [ADP], Figure 1D ) to eq 15 and extrapolating to the limit of [ADP] ) 0 [i.e., the intercept, where
where k ATP and k ADP represent the observed rate constants for ATP and ADP binding according to and
The rate constant for ADP release from actomyosin V (k -2D ) at 25°C obtained from the intercept of the best fit of the data is 14.2 ((0.7) s -1 ( Figure 1D and Table 1 ), in reasonable agreement with the previously determined values of ∼12-18 s -1 (13, (25) (26) (27) . The equilibrium constant for strong ADP binding calculated from the ratio of the rate constants ( Table 1 ). The overall dissociation equilibrium constant for ADP binding (K 1D K 2D ) -1 to actomyosin V at 25°C, calculated from the ratio of the rate constants (k -2D /K 1D k +2D ), is 1.1 ((0.1) µM, comparable to the published values (13, 14, 25, 26, 28) .
Recent studies show that time courses of mantADP binding to actomyosin V follow double exponentials (29) with [mantADP]-dependent fast observed rate constants and slow observed rate constants of ∼1 s -1 (25) that are independent of the nucleotide concentration, indicating that an additional slow isomerization follows strong ADP binding. We could not detect the slow isomerization observed with mantADP using the pyrene actin kinetic competition assay (i.e., time courses of pyrene fluorescence change follow only double exponentials with [ADP]-dependent rate constants at all nucleotide concentrations examined). The slow isomerization would not be resolved at low [ADP] because actomyosin-ADP populated during the initial kinetic partitioning releases bound ADP, binds ATP, and relaxes back to the weak actinbinding states more rapidly than the slow isomerization occurs. Simulations (not shown) indicate that the slow isomerization contributes to the time course of pyrene fluorescence enhancement at >50 µM ADP. However, at high [ADP], the contributions from the isomerization are small and difficult to distinguish in the time courses because the observed rate constant of the isomerization is comparable to the observed slow phase in the kinetic competition assay.
C. Temperature Dependence of ADP Binding to Actomyosin V. ADP binding follows a two-step mechanism over the temperature range examined (4-25°C) as indicated from the hyperbolic concentration dependence of the observed fast rate constant (k fast , Figure 1C ). Because the kinetic competition assay requires knowledge of the ATP-binding constants, which we could not determine reliably, two-step ADP binding could not be measured at temperatures above 25°C. The temperature dependence of the rate and equilibrium constants of ADP binding to actomyosin V are summarized in Table 1 . The energetics will be discussed together with actomyosin VI below. 
2B). Therefore, the lag phase is specific for actomyosin VI and does not result from mixing or instrumentation artifacts.
To fit the lag phase, the single exponential rise (with the observed rate constant that depends hyperbolically on [ATP]) is supplemented by a very fast exponential decay (>100 s -1 ) that has a positive amplitude (A i in eq 1).
In the presence of Ca 2+ (100 µM free) and calmodulin (10 µM), the time courses of 20 mM ATP binding were essentially identical (data not shown), indicating that neither the mechanism nor the rate constants governing nucleotide binding are affected by calcium at saturating [ATP] .
Lag phases arise when two sequential steps leading to formation of the product (i.e., species generating the signal being measured) have comparable rate constants (i.e., differ by less than an order of magnitude). The lag phase in ATP binding to actomyosin VI at 4°C means that the fast exponential decay predicted by Scheme 1 (the first term in eq 13) is comparable to k +2T and slow enough to be experimentally observed (i.e., <1000 s -1 ). This also indicates that the sum of the association and dissociation rate constants (k +1T [ATP] + k -1T ) for formation of the actomyosin VI-ATP collision complex [AM(ATP) in Scheme 2] is much slower than for the formation of the actomyosin V-ATP collision complex, which is completed in the dead time of the instrument.
At temperatures >25°C, the association constant for the collision complex [AM(ATP)] formation is extremely weak (K 1T . 12 mM) and ATP binding cannot be saturated over the ATP concentration range examined. Thus, a reliable estimate of K 1T and k +2T cannot be obtained. However, it is clear from the data acquired over the [ATP] range examined that the maximum observed rate constant (k +2T ) is >400 s Table 1 as k -2D (ADP release).
reaction depicted in Scheme 1) of the actomyosin-ATP collision complex at low temperatures. The time courses are well-fitted by triple exponentials, where one fast phase (completed in a few milliseconds) with a positive amplitude accounts for the observed lag phase. The fast phase was analyzed (eq 14) to obtain the rate and equilibrium constants for two-step ADP binding (K 1D and k +2D in Scheme 2 and Table 1 ). The slow phase (fit to eq 15) yielded the ADP dissociation rate constants (k -2D , Table 1 ).
F. Kinetics of ADP Release from Pre-equilibrated Actomyosin V-ADP and VI-ADP.
The rates of ADP release (k -2D ) were confirmed by equilibrating pyrene-actomyosin with ADP (concentrations comparable to the equilibrium dissociation constant, K d , for ADP binding: 1 µM for actomyosin V and 30 µM for actomyosin VI) and competing off with saturating ATP (2 mM for actomyosin V and 20 mM for actomyosin VI). The observed time courses are biphasic, with the fast phase reflecting ATP binding to free actomyosin and the slow phase reporting ADP release and subsequent ATP binding ( Figure 5 and Table 1 ). The ADP release rate constants are comparable to those obtained from the slow phases of the kinetic competition assays ( Figure  1D and 3B) at all temperatures examined (Table 1) .
Kinetic simulations using Scheme 2 and the rate and equilibrium constants reported in Table 1 accurately reproduced the actomyosin V and VI kinetic competition experimental data (data not shown).
G. Thermodynamics of Nucleotide Binding to Actomyosin V and VI. The energetics of nucleotide binding to actomyosin V and VI were determined from the temperature dependence of the equilibrium constants.
van't Hoff plots of actomyosin V-ATP and actomyosin VI-ATP collision complex formation (K 1T , Figure 6A ) are linear. The actomyosin V-ATP collision complex affinity (K 1T ) consists of a large, favorable (exothermic) enthalpy change (-∆H°), which overcomes an unfavorable entropy change (-∆S°, Table 2 ). The contributions to actomyosin VI collision complex affinity are opposite to those of actomyosin V, with unfavorable enthalpy (+∆H°) and large, favorable entropy changes (+∆S°, Table 2 ).
van't Hoff plots for actomyosin-ADP collision complex formation (K 1D ) are linear for both actomyosin V and VI and indicate that large, favorable enthalpy changes (-∆H°) overcome unfavorable entropy changes (-∆S°) associated with an initial encounter ( Figure 6B and Table 3 ).
Strong ADP binding (K 2D ) displays a nonlinear van't Hoff relation and occurs with a significant positive change in the molar heat capacities of both actomyosins V and VI ( Figure  6C and Table 3 ). At >15°C, the actomyosin V-ADP and actomyosin VI-ADP isomerization occurs with favorable entropy changes (+∆S°) and unfavorable enthalpy changes (+∆H° ; Table 3 ), and at <15°C, the isomerization has favorable enthalpy (-∆H°).
H. Effect of Sucrose on Nucleotide Binding to Actomyosin V and VI at 25°C. We investigated the viscosity and osmotic pressure dependence of nucleotide binding using sucrose ( Figure 7 ) because it does not bind to most protein surfaces (30, 31) .
Sucrose slows the rates of ADP isomerization (k +2D ) and ADP release (k -2D ) for both actomyosin V and VI (data not shown). At 45% (w/v) sucrose (η ) 7.7 cP), ADP release (k -2D ) from actomyosin V is reduced ∼3-fold, and the rate of ADP isomerization (k +2D ) is slowed ∼3-fold as well; therefore, sucrose has no net effect on the equilibrium constant for strong ADP binding (K 2D ; Figure 7C ) and the corresponding free energy change for this transition. Sucrose had smaller but also proportional effects on the maximum rates of ADP binding (k +2D ) and dissociation (k -2D ) from actomyosin VI (data not shown). Therefore, sucrose dampens ADP-dependent kinetic transitions of actomyosin V and VI but not the overall equilibrium constant for strong ADP binding.
Interpreting the effects of sucrose on the equilibrium constants governing ADP binding (parts B and C of Figure  7 ) according to established principles of water activity [eq 7 (24, 32) ] indicates that ADP binding to actomyosin V and VI occurs with minimal changes in hydration (Table 3) .
Sucrose has minimal effects on the actomyosin V-ATP collision complex but surprisingly weakens the formation (9) . Thermodynamic parameters are reported in Table 2 . (B) van't Hoff plot of the collision complex equilibrium constant (K 1D ) for ADP binding to actomyosin V (b) and VI (9) . (C) van't Hoff plot of the isomerization equilibrium constant (K 2D ) for strong ADP binding to actomyosin V (b) and VI (9) . Note the different ordinate scales for the different panels. Linear van't Hoff plots were fitted to the eq 3. Nonlinear van't Hoff plots were fitted to eq 5 where ∆C P°, ∆H°, and ∆S°were allowed to vary in the fitting procedure. Thermodynamic parameters are reported in Tables 2 and 3.   Table 2 : Thermodynamics of ATP Binding to Actomyosin V and VI at 25°C a parameter myosin V-S1 myosin VI-S1
collision complex formation (K1T) (1) 18 ( (1) a Conditions: 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, and 10 mM imidazole at pH 7.0 and 25°C. b Calculated from eq 2. c Calculated from eq 3.
d Calculated from eq 4. e Change in the number of bound water molecules. Table 3 : Thermodynamics of ADP Binding to Actomyosin V and VI at 25°C a parameter myosin V-S1 myosin VI-S1
collision complex formation (K1D) (3) 5 ( (2) a Conditions: 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, and 10 mM imidazole at pH 7.0 and 25°C. b Calculated from eq 2. c Calculated from eq 3.
d Calculated from eq 4. e Change in the number of bound water molecules. f Calculated from eq 5. (9) . Solid lines represent the best fits to eq 6. The changes in hydration (n) are reported in Tables 2 and 3 .
DISCUSSION
A. Mechanism of ATP Binding to Actomyosin V and VI.
ATP binding to actomyosin V and VI can be modeled as a two-step process (Scheme 1) at all temperatures examined. At 4°C, (k +1T [ATP] + k -1T ) and k +2T of actomyosin VI are comparable, which generates a lag phase in the time courses at high [ATP] ( Figure 2B ). Because the lag phase is observed with millimolar ATP, the magnitude of k +1T for actomyosin VI must be much lower than that expected for a diffusionlimited reaction [∼10 9 M -1 s -1
, calculated using the Smoluchowski relation (22) ], indicating that AM(ATP) is not a true collision complex limited by diffusional encounter and that some element lowers the probability of productive interaction with the nucleotide-binding site.
A mechanism where actomyosin VI equilibrates between two conformations, one competent to bind ATP (open state AM o ) and one that is not (closed state AM c ), followed by rapid, two-step ATP binding (i.e., first-order isomerization followed by a two-step transition, Scheme 4) can account for the experimental data, including the slower than diffusionlimited k +1T and a weak (Table 1) , temperature-dependent ( Figure 6A ) K 1T that is affected by the solution osmotic pressure ( Figure 7A ). According to this mechanism, the experimentally observed association constant K 1T in Scheme 1 contains contributions from the isomerization and encounter equilibria in Scheme 4 (K 1T ) K 1Ta K 1Tb ), and the observed encounter rate constant k +1T in Scheme 1 is given by which reflects the closed-open isomerization rate constant (k +1Ta ) times the probability [
] that the open state will bind ATP rather than isomerize back to the closed state. At saturating ATP, k +1Tb -[ATP] . k -1Ta ; therefore, k -1Ta can be ignored, and eq 18 simplifies to k +1Ta , the closed-open isomerization rate constant.
At all temperatures examined, ATP binding to actomyosin VI is very slow and K 1T is very weak, suggesting that the isomerization equilibrium favors the closed state (K 1Ta ) k +1Ta /k -1Ta , 1 and k -1Ta . k +1Ta ). If the equilibrium favored AM o , the second-order association rate constant of ATP would be typical for the binding of a small molecule to a macromolecule (1-10 µM -1 s -1
).
To account for the lag phase at low temperatures, two relaxations in Scheme 4 must be comparable at temperatures <9°C. If we assume that K 1Tb is a diffusion-limited rapid equilibrium as observed with other myosins, then the closedopen isomerization rate constant must be comparable to the observed maximum ATP-binding rate constant (k +1Ta ∼ k +2T at saturating [ATP]) to generate a lag phase in the time courses of ATP binding. Presumably, the lag is not observed at high temperatures (>9°C) because the isomerization rate constant is more rapid than k +2 .
Multiple nucleotide-free actomyosin conformations with distinct ATP-binding properties have been observed for some myosin I isoforms (36) . In this particular case, the isomerization equilibrium at 20°C is near unity and the interconversion is slow (∼8 s -1 ) compared to ATP binding (36) ; therefore, time courses follow double exponentials with a fast phase corresponding to ATP binding to AM o and a slow phase limited by the AM c -AM o isomerization. Actomyosin VI differs from actomyosin Ic in that the open-closed equilibrium strongly favors the closed state and the isomerization rate constant is rapid.
The load could affect the open-closed equilibrium and rate constants (37) and therefore potentially serve to favor either conformation depending on the direction of the applied stress. The slow and weak ATP binding to actomyosin VI could be attributed to a unique amino acid insert (residues ∼280-300) in the head domain, whose conformation is hypothesized (10) to be mediated by an external (11) and intramolecular (10) load and/or unfavorable conformations of the P-loop or Loop 1. The fact that the kinetics of ATP and ADP binding are affected differently by load (11) suggests that the transition that weakens ATP binding to actomyosin VI may be distinct for ADP. The lower affinity of the ATP collision complex suggests that ATP binding to actomyosin VI requires greater conformational rearrangement than ADP binding, consistent with an observable sensitivity to osmotic stress ( Figure 7A ).
Myosin V in the absence of actin adopts a structural state that cannot accommodate bound ATP (38) without reorganization of the nucleotide-binding elements and switches. ATP binding to actomyosin V may therefore also follow a mechanism defined by Scheme 4. The temperature dependence of K 1T ( Figure 6A) is consistent with such a mechanism. However, the isomerization between open and closed states must be very rapid for actomyosin V because it can be treated as a rapid equilibrium even at saturating ATP, suggesting that the extent of conformational rearrangement required to accommodate bound ATP is much smaller for actomyosin V than for actomyosin VI. The ∼10-fold tighter actomyosin V-ATP collision complex affinity suggests that larger changes of the nucleotide binding switches and elements are required to accommodate bound ATP.
A mechanism where ATP binds with a collision complex followed by two sequential isomerizations of approximately equal rate prior to rapid actin dissociation (Scheme 5; pyrene fluorescence enhancement occurs with the formation of A*M‚ATP) can also account for the data. However, we favor Scheme 5 for the reasons stated above.
B. Thermodynamics of Nucleotide Binding. Formation of the ATP collision complexes is surprisingly temperaturedependent for both actomyosin V and VI, suggesting they are not true collision complexes but require significant conformational rearrangement to form, consistent with the reaction scheme depicted in Scheme 4.
Formation of the ADP collision complex at 25°C occurs with negative changes in enthalpy and entropy for both actomyosin V and VI. The enthalpic and entropic contributions to the free energy of actomyosin V-ATP and actomyosin V-ADP collision complex formation are compa-
rable. However, the energetic contributions to the actomyosin VI-ATP collision complex are opposite depending on the nucleotide (+∆H°and +∆S°for ATP but -∆H°and -∆S°w ith ADP), suggesting that fundamentally different mechanisms govern the recognition and specificity of ATP and ADP binding by actomyosin VI.
The equilibrium constant defining the isomerization that leads to strong ADP binding (K 2D ) is and coupled to a large positive ∆C P° ( Table 3) for both actomyosin V and VI. This means that ∆H°for ADP binding depends on the temperature. At >15°C, strong ADP binding to actomyosin V and VI occurs with positive ∆H°. However a large positive ∆S°o vercomes the unfavorable enthalpy changes and favors strong ADP binding.
Actomyosin V binds ADP ∼30-fold more tightly than does actomyosin VI (1/K 1D K 2D ) 1.1 µM for actomyosin V versus 34 µM for actomyosin VI). At 25°C, the strong ADP-binding equilibria (K 2D ) are comparable for actomyosin V and VI, and the different overall ADP affinities arise from differences in the ADP collision complex affinity (K 1D ).
Overall ADP binding to actomyosin II (39) occurs with favorable changes in enthalpy (∆H°) -4.5 kcal mol -1 at 12°C) and entropy (∆S°) +3.5 cal mol -1 K -1 at 12°C) and little or no change in the heat capacity (∆C P°≈ 0), as expected if ADP binding increased the number of isoenergetic conformations of the actomyosin complex. Overall ADP binding to actomyosin V and VI occurs with positive ∆C P°a nd ∆S°at 25°C because of the energetics of the weakstrong ADP-binding isomerization (Table 3) .
C. Potential Sources and Molecular Origins of the ObserVed PositiVe ∆C P°A ccompanying Strong ADP Binding to Actomyosin V and VI. Changes in ∆C P°t hat occur with ligand binding are typically dominated by changes in the solvent (surface effects from polar and nonpolar residues), changes in vibrational modes of the protein-ligand complex, and/or obligatory coupling of temperature-dependent equilibria (40, 41) .
Most characterized protein-ligand association reactions that display a change in heat capacity occur with negative ∆C P°v alues, which are often attributed to water reorganization arising from a reduction in the accessible hydrophobic surface areas accompanying complex formation (i.e., the hydrophobic effect). Positive ∆C P°v alues are less common and are typically attributed to an increased solvent-exposed hydrophobic surface area (42, 43) , dehydration of polar surface areas (44) , or structural transitions in the bimolecular complex (45, 46) .
If the positive ∆C P°a ccompanying strong ADP binding arose from the hydrophobic effect (i.e., solvent exposure of hydrophobic surface or dehydration/burial of polar surface area), its magnitude, which is on the scale on some protein unfolding reactions, would implicate a rather large change in the total accessible surface area (∆ASA tot ) of actomyosin [∼6200 Å 2 for actomyosin V and ∼10 600 Å 2 for actomyosin VI; calculated using the empirical relation, which does not distinguish between contributions from polar and hydrophobic areas:
)/0.147 (47) ]. Such large changes in accessible surface area are hard to reconcile with the molecular dimensions of myosin VI (4) and helical reconstruction of myosin VI-decorated actin filaments (48) . In addition, the fact that binding of few water molecules is coupled to the ADP intramolecular isomerization (K 2D ) of actomyosin V [1 ((3), Figure 7 and Table 3] and VI [5 ((2) , Figure 7 and Table 3 ] strongly suggests that solvent reordering does not generate the positive ∆C P°.
There is a considerable body of evidence indicating that ionic interactions and formation of ion pairs (e.g., charge neutralization of ADP) can also contribute to positive ∆C P°, ∆S°, and ∆H°because of the desolvation of charged surfaces and ions (43, 49, 50) . However, our osmotic stress measurements ( Figure 7C ) indicate that strong ADP binding (K 2D ) is not coupled to dehydration. We, therefore, conclude that formation of ion pairs does not fully account for the observed ∆C P°.
Nonlinear van't Hoff plots and "apparent" heat capacity changes (∆C P,app°) can also arise from the coupling of two (or more) equilibria with enthalpy changes (∆H°) of opposite signs even if the intrinsic heat capacity changes are negligible [∆C P°≈ 0 (40, 41) ]. One potential source of a coupled equilibrium reaction is the dissociation of actomyosin with ADP binding, which weakens the actin-binding affinity of both myosin V (13) and VI (5) . However, these reactions are slow and do not occur during the time course of the reaction using the kinetic competition assay. We can therefore eliminate a coupled dissociation from actin as a source of the observed nonlinear van't Hoff plots.
Additional equilibria involving structural changes of protein-ligand complexes can generate a positive ∆C P°( 51). Therefore, an isomerization between multiple strongly bound actomyosin-ADP states (25, 29) could contribute to the observed positive ∆C P°.
The positive ∆C P°t hat accompanies strong ADP binding to actomyosin V and VI and the positive ∆S°and ∆H°at 25°C are also consistent with significant conformational rearrangement, such as an increase in the number and/or amplitudes of soft internal modes (43, 52) . We interpret the positive ∆C P°a nd ∆S°observed with strong ADP binding to actomyosin V and VI to reflect an increased disorder of the strongly bound actomyosin-ADP complex. The disorder could arise from fluctuations within an energy state and/or among different ones (i.e., between states of different energies and/or low frequency, vibrational modes of an individual energy state). ADP binding to actomyosin may lower the energy difference between two (or more) otherwise inaccessible conformational states (53) , which would generate positive ∆C P°a nd ∆S°because of the population distribution among the multiple states. Such a process would be expected to increase the elasticity and lower the stiffness of the actomyosin complex. While we favor an interpretation where the conformational sampling arises from the myosin, changes in actin filament dynamics (54) could potentially contribute to the observed positive ∆C P°a nd ∆S°. The greater ∆C P°a nd ∆S°of actomyosin VI (Table 3 ) may reflect greater ADP-induced flexibility than for actomyosin V.
The increased elasticity may propagate to regions outside of the nucleotide-binding site and possibly the proximal tail region of myosin VI. If the conformation of the myosin VI proximal tail (55) , which is absent from the myosin VI construct used in this study, is nucleotide-dependent, the source of the allostery must originate at the nucleotidebinding site.
D. Implications for Actomyosin Force Generation. ADP binding to some myosins (those with ADP affinities e 10 µM) including actomyosin VI (48) induces a rotation of the lever arm relative to the motor domain (37) . Single-molecule studies demonstrate that ADP release from these actomyosin classes generates a mechanical displacement and contributes to the overall working stroke (4, 56) . We suggest that sucrose reduces the rate constants of both ADP binding and release by suppressing the lever arm rotation that accompanies strong ADP binding to actomyosin V and VI (37, 48, 57) . The effect is not due to changes in the chemical potential of the reactants because sucrose does not change the equilibrium constant of this transition ( Figure 7C ). Sucrose must therefore dampen some kinetic process. Solvent microviscosity restricts the structural dynamics and conformational flexibility of proteins (58) (59) (60) and would therefore inhibit both association and dissociation if the weak-strong ADP-binding transition is coupled to rotation of the regulatory domain lever arm. Increased rotational flexibility of the lever arm upon ADP isomerization would be expected to generate positive entropy and heat capacity changes as observed ( Table 3) .
The weak-strong actin-binding transition associated with force generation and P i release is accompanied by a disorder-order transition in muscle myosin (for a review, see ref 61) . Multiple lever arm orientations exist prior to P i release (62) , and P i release merely shifts the distribution between these two lever arm orientations toward the "post power stroke" orientation, resulting in a net displacement and force generation.
We hypothesize that the energetics governing strong ADP binding and release reflect, on a smaller scale, those that occur with P i release and the power stroke. The actomyosin ATPase cycle can therefore be viewed as an energetic landscape where sequential product release (P i and ADP) progressively increases the order of actomyosin and favors the population of a "post power stroke" lever arm position.
